T he estimated prevalence of impaired fasting glucose (IFG) and impaired glucose tolerance (IGT) in the general U.S. population is 26 and 15%, respectively (1) . Approximately 25% of adults with IFG or IGT progress to diabetes over 3-5 years. However, there are relatively little data regarding the prevalence of IGT in HIV-infected persons. The factors associated with IFG and IGT in the HIV-infected population have also not been well characterized.
In HIV infection, the prevalence of IFG ranges from 2.2% in Kenyans to 21% in U.S. men (2) (3) (4) (5) . In women receiving antiretroviral therapy, the prevalence of IGT was 17% compared with 9% of uninfected control subjects (6) . In another study, 16% of HIV-infected men receiving antiretroviral therapy had IGT versus 18% of uninfected control participants (3) . In healthy control subjects taking protease inhibitors (PIs) and HIV-infected subjects receiving combination antiretroviral therapy, diabetes is more likely to be diagnosed by glucose tolerance testing (GTT) than by fasting glucose (7, 8) . Peak PI levels acutely inhibit insulin-mediated glucose disposal, which may explain increased abnormalities with GTT compared with fasting glucose (7, 8) . Increased visceral adipose tissue (VAT) and upper trunk subcutaneous adipose tissue (SAT) were independently associated with insulin resistance in both HIV-infected and control participants in the Study of Fat Redistribution and Metabolic Change in HIV Infection (FRAM). The prevalence of insulin resistance defined by homeostasis model assessment (HOMA) .4 was 37% in HIV-infected participants and 28% in control subjects (P = 0.005) (9) . In HIV-infected subjects, age, alcohol use, and male sex were associated with insulin resistance.
During the second FRAM examination, GTT was performed. Because insulin resistance, IFG, and IGT are not equivalent concepts, analysis of the latter parameters can provide insight into glucose metabolism in HIV infection and its relation to demographic factors and regional adiposity.
RESEARCH DESIGN AND
METHODSdFRAM was designed to evaluate the prevalence and correlates of changes in fat distribution, insulin resistance, and dyslipidemia in a representative sample of HIV-infected and control participants in the U.S. (10) .
Study population
In 1999, the first FRAM examination enrolled 1,183 HIV-infected participants.
Control subjects were recruited from two centers participating in the Coronary Artery Risk Development in Young Adults (CARDIA) study (10) . CARDIA participants were originally recruited as a sample of healthy white and African American men and women aged 18-30 years from four cities in 1985-1986 for a longitudinal study of cardiovascular risk factors. CARDIA GTT data were obtained at the 2005-2006 examination.
The second FRAM examination was conducted ;5 years later; 824 participants (581 HIV-infected and 241 control subjects) were reevaluated. Both FRAM protocols were approved by local institutional review boards.
GTT
The second FRAM examination included GTT. Participants with known diabetes or taking diabetes medication were to be excluded from GTT. However, GTT was performed in 14 subjects subsequently found to have diabetes by fasting levels during the GTT and in 17 subjects who were taking diabetes medications. Diabetes was defined by a fasting blood glucose level of $126 mg/dL (7.0 mmol/L) or a reported use of insulin or oral hypoglycemic medication. Two-hour glucose levels from GTT were available in 678 nondiabetic participants (491 HIV-infected and 187 control subjects).
After a 10-h overnight fast, subjects received 75 g glucose orally. Blood samples were collected at 0 and 120 min for measurement of plasma glucose and serum insulin. HIV-infected participants were instructed to take their PI before the GTT. All GTT blood specimens were analyzed by Linco Research (St. Louis, MO), with the exception of 24 samples analyzed by Yellow Springs Instruments (Yellow Springs, OH).
IGT was defined as 2-h glucose .140 mg/dL, and diabetes was defined as 2-h glucose .200 mg/dL. Two cut points were considered and compared to define IFG: 100 and 110 mg/dL.
Calibration of glucose values
In HIV-infected participants, GTT was performed on average within 9 days of other FRAM2 measurements. In control participants, GTT was performed at the CARDIA year 20 examination and occurred on average 234 days earlier than FRAM2 measurements. A comparison of GTT fasting glucose with the FRAM2 examination fasting glucose suggested laboratory drift over time in control participants' fasting glucose measurements. Therefore, we calibrated fasting and 2-h glucose from GTT to fasting glucose from FRAM2 for control participants, as described in the Supplementary Data. Results of calibrated and uncalibrated analyses are also compared in the Supplementary Data.
Magnetic resonance imaging
Regional and total adipose tissue (AT) volumes were quantified by whole-body magnetic resonance imaging (MRI), as described previously (11) . A single analyst read all scans at the Obesity Research Center, St. Luke's Roosevelt Hospital (New York, NY). Anatomic sites considered were leg, lower trunk (abdomen and back), upper trunk (chest and back), and arm.
Other measurements
Standardized questionnaires and protocols were used to determine demographic characteristics; height; weight; medical history; risk factors for HIV; physical activity; and alcohol, tobacco, and illicit drug use (10) . Research associates interviewed subjects and reviewed medical charts regarding antiretroviral therapy use. AIDS was defined as CD4 lymphocyte count ,200 or history of opportunistic infection (OI) or other AIDS-defining illness.
Hepatitis C virus RNA testing was performed using the Bayer Versant 3.0 branched DNA assay (Bayer AG, Leverkusen, Germany). CD4 lymphocyte count, HIV RNA level in HIV-infected participants, and other blood specimens were analyzed in a single centralized laboratory (Covance, Indianapolis, IN).
Statistical methods
Analyses that compared HIV-infected participants with control subjects included only the 309 HIV-infected participants who were within the age range of 38 to 52 years age range of control subjects. Characteristics were tested for statistical significance using a t test for continuous variables and Fisher exact test for categoric variables. The MannWhitney U test was used for variables that did not have a normal distribution.
We used multivariable linear and logistic regression to evaluate the association of HIV with GTT parameters. We also constructed models in HIV-infected and control participants separately. Outcomes included diabetes by GTT (2-h glucose .200 mg/dL), IGT, IFG, and 2-h glucose concentration. Models were constructed in a staged fashion using HIV status, demographics (age, sex, and race), lifestyle factors, and MRI AT depots as predictor variables. We defined lipoatrophy as leg SAT below the 10th percentile of control subjects, with men and women tested separately (12) . Age, sex, and race were forced in every model. Linearity was assessed by adding quadratic terms to the models and examining generalized additive models. CIs were determined using the bias-corrected accelerated bootstrap method (11) . Candidate lifestyle factors included physical activity (quartiled in men and women separately), smoking, alcohol use, food intake, and illicit drug use.
Because of their skewed distribution, AT depots were log 2 -transformed in all regression analyses (associations with the outcome are per doubling). Covariates for each model were selected using Bayesian model averaging; predictors with posterior probabilities .35% were retained in the model (13) . Interactions of HIV status with sex, ethnicity, and age were assessed; none reached statistical significance (all P . 0.15). Missing covariate values were imputed using multiple imputation with the Markov chain Monte Carlo method for arbitrary missing data (14) .
HIV-related candidate variables included AIDS diagnosis, reported HIV duration, HIV RNA level (log 10 ), current and nadir CD4 count (log 2 ), hepatitis C virus infection RNA, days since last OI, OI status (last 100 days), and risk factors for HIV acquisition. Current use of each antiretroviral drug and class were also evaluated.
Posterior probabilities were calculated using the BMA package for the R statistical computing language (R Development Core Team, Vienna, Austria). Other analyses were conducted using SAS version 9.2 (SAS Institute, Inc., Cary, NC).
RESULTS

Subject characteristics
GTT was performed in 491 HIV-infected and 187 control subjects without diabetes, whose characteristics are presented in Table 1 . Age-restricted HIV-infected and control participants were of similar age, height, and percentage of Caucasians and African Americans, but the percentage of men was higher in the HIV-infected group by design (70 vs. 55%). BMI and amount of SAT were significantly lower in HIV-infected participants (P , 0.001).
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Median VAT was slightly lower in HIVinfected persons (2.3 vs. 2.7 kg, P = 0.11), whereas the ratio of VAT to total abdominal AT was higher (0.30 vs. 0.24, P = 0.0003). Median fasting glucose, fasting insulin, and HOMA levels were similar between the groups.
Diabetes and IGT in HIV-infected and control subjects
In the full cohort (all enrolled subjects with and without GTT), 9.5% of HIVinfected subjects and 7.1% of control participants (P = 0.34) had previously diagnosed diabetes. IFG was common in both groups (HIV participants 21% and control participants 25%, P = 0.23).
Among those with GTT performed, the prevalence of diabetes by fasting glucose $126 mg/dL was low in both HIV-infected and control participants (3.7 vs. 4.1%, P = 0.84). These individuals were excluded from further analysis. Diabetes detected by GTT was also rare (Table 2) .
IGT in HIV-infected and control participants IGT was found in 16.8% of HIV-infected participants and in 12.3% of control participants (P = 0.17, Table 2 ). When subjects with IFG were excluded, results were similar (13.1 and 8.2%). Mean 2-h glucose values were 7.6 mg/dL higher in HIV-infected participants than in control participants (P = 0.012) and remained 7.3 mg/dL higher after demographic adjustment. Further adjustment for AT volume attenuated the difference to 4.3 mg/dL (P = 0.20). Likewise, the odds ratio for IGT in HIV-infected versus control subjects was attenuated after adjustment for AT. There were no statistically significant differences in the prevalence of IGT between HIV-infected and uninfected smokers or nonsmokers (Supplementary Table 1 ).
Factors associated with 2-h glucose and IGT in HIV-infected and control subjects Higher upper trunk SAT and lower leg SAT were independently associated with higher 2-h glucose values in both HIVinfected and control participants in multivariable analysis (Table 3) . Total trunk SAT and lower trunk SAT were also associated with increased 2-h glucose values, but the best model fit was with upper trunk SAT. In multivariable analysis, the VAT-to-abdominal fat ratio showed little association with 2-h glucose values in either group (Table 3) and resulted in little change in the associations of upper trunk and leg SAT with 2-h values. Greater alcohol use and physical activity (highest quartile) were associated with lower 2-h glucose values in HIV-infected participants, but showed little association in control subjects.
Current tenofovir use was associated with 7.4 mg/dL lower 2-h glucose in the HIV-infected group (95% CI 214.1 to 20.59; P = 0.033); the tenofovir association was not related to differences in AT. Associations of other antiretroviral medications with 2-h glucose were weaker and did not reach statistical significance. For example, current PI use was associated with 3.7 mg/dL higher glucose (95% CI 23.1 to 10.5; P = 0.28). Likewise, stavudine and zidovudine were weakly associated with higher 2-h glucose, and their associations did not reach statistical significance. Other HIV-related factors, including CD4 count and HIV RNA levels, showed generally weak associations with 2-h glucose and IGT, and did not enter the multivariable models.
Similar associations of upper trunk SAT, leg SAT, and other factors were seen when IGT was modeled as a dichotomous outcome (Table 4) . IGT was more prevalent in HIV-infected participants with lipoatrophy compared with those without, both overall (23.3 vs. 14.4%, P = 0.015) and in those without IFG (18.1 vs. 11.5%, P = 0.084). Smoking showed little association with IGT in either group and did not attenuate the associations of lifestyle and body composition with IGT.
CONCLUSIONSdAmong participants without previously diagnosed diabetes, GTT in the FRAM cohort found higher 2-h glucose levels in HIV-infected participants compared with control participants. The prevalence of IGT was slightly higher in HIV-infected participants, although the difference did not reach statistical significance. The prevalence of IGT in those without IFG was also slightly higher in HIV-infected participants. Undiagnosed IGT may therefore be more common in the HIV-infected population.
HIV-infected participants had lower BMI than control participants. Nevertheless, regional body fat significantly contributed to group differences in 2-h glucose and IGT. Both increased upper trunk SAT and decreased leg SAT were associated with higher 2-h glucose and IGT. Because IGT is associated with progression to diabetes, future risk of diabetes may be elevated in HIV-infected persons who lose leg SAT, which is often profound (11) and unlikely to recover with time (15) . Loss of leg SAT is readily recognizable by most clinicians, and individuals with this finding may benefit from GTT even if fasting glucose is normal.
We found a relatively small 7-8 mg/dL increase in 2-h glucose in HIVinfected persons. To place this in perspective, the Cardiovascular Health Study found a 2% increased risk of incident cardiovascular disease event for every 10 mg/dL increase in 2-h glucose, plus an additional 29% increase in risk for those with 2-h values .154 mg/dL, in demographic-adjusted analysis (16) . Therefore, increased 2-h oral glucose tolerance test values may contribute to the increased cardiovascular disease risk in HIV-infected persons. The association of regional adiposity with insulin resistance and diabetes has been studied in the general population. VAT is associated with insulin resistance and widely regarded as the regional depot most associated with metabolic disturbances. However, other studies have found important associations between SAT depots and insulin resistance (17) (18) (19) (20) . For example, in 39 middle-aged men, the sum of truncal skinfold thicknesses was significantly and negatively associated with insulin sensitivity, even after adjusting for total AT (17) . In addition, both abdominal and truncal SAT had stronger correlations with insulin sensitivity than did VAT (17) . Likewise, in obese women, truncal SAT was independently associated with insulin resistance after adjustment for total AT and VAT (18) . In 783 young men, abdominal SAT, but not VAT, independently predicted higher insulin resistance (19) . These studies did not specifically measure upper trunk SAT, so it is of interest that the inclusion of this depot in our multivariable models was adequate to explain the association of increased truncal AT with abnormal glucose metabolism. VAT showed little independent association with 2-h glucose or IGT in our models after controlling for upper trunk and leg SAT.
Gluteofemoral (leg) SAT has been directly associated with increased insulin sensitivity in the general population, in contrast with SAT in the abdomen and trunk. In the Hoorn Study, increased leg fat was associated with lower HOMA insulin resistance in both men and women (21) . In the Health ABC study, increased leg fat was independently associated with more favorable fasting and postload glucose levels in men, with weaker results in women (20) .
Subcutaneous fat is the major source of the adipokines, leptin and adiponectin, which improve insulin sensitivity. In HIV-infected patients with significant lipoatrophy, the normal relationship between SAT depots and adiponectin levels is lost or even reversed (12) . In other words, in HIV lipoatrophy, depleted AT is associated with lower rather than higher levels of adiponectin, contrary to the general population. Low adiponectin and leptin levels may contribute to insulin resistance in HIV-associated lipoatrophy.
Finally, current tenofovir use was associated with lower 2-h glucose, consistent with a report that patients who switched from stavudine regimens to tenofovir had an average 4 mg/dL decrease in glucose over 48 weeks (22) . Both stavudine and zidovudine were associated with higher postprandial glucose in our study, but their associations did not reach statistical significance. We also found that tenofovir's protective effect was not mediated through differences in total or regional adiposity. The increasing use of tenofovir, rather than the earlier thymidine-analog nucleoside reverse transcriptase inhibitors, especially in those with lipoatrophy, may therefore be an ameliorating factor to reduce the risk of diabetes in HIV-infected persons.
PI use showed little association with glucose levels, in contrast with previous studies (23) . To date, only indinavir use has been associated with elevated fasting glucose in healthy volunteers (8) . By the time of the FRAM2 examination, few participants were taking indinavir. Furthermore, although insulin resistance contributes to increased fasting glucose, defects in insulin secretion are more important. Currentgeneration PIs may not affect insulin secretion (24) .
The primary limitations of this study are its cross-sectional design and the use of calibrated glucose values for the control subjects. However, analysis of factors associated with 2-h glucose is not affected by the calibration, because the analyses were done separately in HIV-infected and control participants. GTT was not performed at the first FRAM examination, so changes in glucose tolerance over time could not be studied. Also, we were unable to measure liver fat, which has been strongly associated with increased risk of IFG, IGT, and insulin resistance, independently of visceral fat (25) . Strengths of this study include the large population-based HIV cohort and the use of a nationally representative control group. Finally, the use of MRI strengthens the analysis of regional adiposity and its relationship to GTT parameters. In conclusion, our study suggests that HIV infection is associated with higher 2-h glucose on GTT and a somewhat higher prevalence of IGT. This increase may be driven by differences in body fat. The natural history of this prediabetic state in HIV infection and its association with cardiovascular disease are unknown and need further study. Our data support a role for greater upper trunk SAT and lower leg SAT in disturbed glucose metabolism in both HIV-infected and control subjects. Future studies should address physiologic mechanisms by which upper trunk SAT is metabolically deleterious and leg SAT is protective.
